Abstract. Fascia-derived stem cells (FDSCs) were previously isolated from the fascia of the gluteus maximus of the rat. However, the use of FDSCs as a cell source for musculoskeletal tissue engineering has not been compared with that of adipose-derived stem cells (ADSCs) and bone marrow-derived mesenchymal stem cells (BMSCs). Therefore, the present study aimed to compare the mesenchymal stem cell (MSC) and self-renewal stem cell markers, proliferative capacity and multilineage differentiation potential of these stem cells in vitro. The MSC and embryonic stem cell (ESC) marker profiles were compared using flow cytometry and quantitative polymerase chain reaction (qPCR). Their proliferative capacities were compared using 5-bromo-2'-deoxyuridine and MTT assays. Their osteogenic, adipogenic and chondrogenic differentiation potentials were compared using standard staining assays and qPCR. The FDSCs possessed similar cell morphology and immunophenotypic profiles with BMSCs and ADSCs. FDSCs demonstrated a similar expression pattern of ESC markers with ADSCs, which has higher expression of sex determining region Y-box (Sox)2 and octamer-binding transcription factor 4, and lower expression of Krüppel-like factor 4, when compared with BMSCs. FDSCs exhibited higher proliferation under serum-deprived conditions (0.5% FBS growth medium), and attained higher expression levels of collagen type I, α 2 and type II, α 1 as well as Sox9 mRNA than ADSCs and BMSCs upon chondrogenic induction. An increased amount of proteoglycan deposition was also observed in the FDSC group. However, lower levels of adipogenic and osteogenic marker expression in FDSCs were detected compared with ADSCs and BMSCs upon adipogenic and osteogenic induction, respectively. FDSCs possessed high chondrogenic potential, low osteogenic and adipogenic differentiation potential and were responsive to the induction signals for collagen-rich fascial structure regeneration. Therefore, FDSCs may represent an improved alternative cell source to conventional ADSCs and BMSCs for musculoskeletal tissue repair and tissue engineering, particularly for collagen-rich structures with poor vasculature.
Introduction
Mesenchymal stem cells (MSCs) are multipotent adult stem cells, found intrinsically throughout the body following development. They multiply by cell division to replenish dying cells and repair malfunctioning tissues (1) . MSCs are capable of differentiating into osteoblasts, adipocytes, chondrocytes, fibroblasts, neuronal tissues, myocytes and tenocytes (2) . They are considered to reside in specific areas of each tissue and remain inactive for long periods of time, until they are activated by signals indicating that more cells are required to maintain tissue integrity, or by signals from sites of tissue injury. Different cytokines and growth factors are recruited in stem cell fate regulation, including quiescence, self-renewal, differentiation, apoptosis and mobilization from their original niche (3) (4) (5) .
MSCs have been found in numerous tissue types of mesenchymal origin, predominantly in bone marrow, but also in adipose tissues, skeletal muscle, connective tissues, teeth and
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proliferative and multilineage potential assessment , XUE-LIN ZHOU 1, 2 , CLARA BIK-SAN LAU 1, 2 , JING-FANG ZHANG 4, 5 , PING-CHUNG LEUNG [1] [2] [3] 6 , WEI-MING FU 4 and CHUN-HAY KO visceral organs (6) . MSCs from different tissue sources share certain global characteristics but variations do exist among them (7) . No specific antigenic phenotypes for MSCs are found, but they share the features of endothelial, epithelial and muscle cells, including CD29, CD44, CD90 and CD105 (8) . MSCs do not express the typical hematopoietic antigens, such as CD45 and CD34. It has been reported that there were differences in yield, expansion and multipotent differentiation potential among MSCs isolated from bone marrow, synovium, periosteum, adipose tissue and muscle (9, 10) . MSCs isolated from alveolar bone demonstrated less chondrogenic and adipogenic potential than those isolated from iliac bone (11) . Improved understanding of the characteristics of stem cells from different sources may facilitate the identification of an improved cellular source for tissue engineering. For example, Rui et al (12) found that tendon-derived stem cells (TDSCs) possess higher BMP2 receptor expression to facilitate osteogenic differentiation when compared with bone marrow-derived MSCs (BMSCs), and therefore, implicating TDSCs to be an attractive source for tendon-bone junction healing. Numerous comparisons have been made for adipose tissue-derived stem cells (ADSCs) and BMSCs, illustrating that ADSCs were viable alternatives, even as a more preferable source for cell therapy or pre-clinical drug testing than BMSCs (13) (14) (15) . While the tendons attach muscle to bones and ligaments connect bone to bone, forming and maintaining joints, the fascia is a collective tissue that essentially holds the entire body together. The fascia is also defined as a 'web of tissue' that surrounds every muscle, bone and organ in the body and holds everything in place. It is essential for the body's self-healing process, as once the epidermis is penetrated, it is the fascia that staves off infection and further damage to the interior of the body. Similar to all other tissues in the human body, the fascia becomes inflamed when damaged, causing discomfort and pain. However, similar to anterior cruciate ligament injuries, a torn fascia (i.e. plantar fascia injury) is always associated with a slow and poor recovery. There is high prospective to apply tissue engineering strategies to improve the fascia healing process by using the stem cells within. Previously, Tao et al (16) suggested a novel term called 'fasciology', hypothesizing that the fascial network distributed throughout the body constructs a supporting-storing system to nurture surrounding internal organs. The essence of Traditional Chinese Medicine meridians and acupuncture may be explained in the view of fascial anatomy. Over the last decade, this novel theory has been conceptually verified through finding evidence from the mechanism of acupuncture and Traditional Chinese Medicine, evolutionary biology, holistic therapies and complementary medicine (17) . Li et al (18) also discovered that cells isolated from the fascia of the gluteus maximus possessed chondrogenic potential, which was different from neighboring muscle-derived stem cells. However, despite these findings, to the best of our knowledge, there is no comprehensive report to date that has characterized the other stem cell properties of those cells isolated from rat fascia structures.
Based on the aforementioned studies reporting that the fascia is an intact structure that functions to connect muscles and organs, it was hypothesized that resident fascia-derived stem cells (FDSCs) should possess high chondrogenic, low osteogenic and adipogenic differentiation potential and responsiveness to the induction signals for collagen-rich fascial structure regeneration. Therefore, FDSCs may represent an improved alternative cell source compared with conventional ADSCs and BMSCs for musculoskeletal tissue repair and tissue engineering. The present study aimed to compare the stem cell marker expression, immunophenotypic profile, proliferative capacity and multilineage differentiation potential of rat FDSCs, ADSCs and BMSCs in vitro.
Materials and methods
Isolation and culture of rat FDSCs, ADSCs and BMSCs. The Animal Research Ethics Committee of the Chinese University of Hong Kong (Hong Kong, China) approved all of the experiments. Eight male Sprague-Dawley rats (10 weeks old) weighing 250 g were used in the present study. FDSCs, ADSCs and BMSCs were isolated from the same animals. The procedures for the isolation of FDSCs, ADSCs and BMSCs are described as follows. FDSCs were isolated from the fascia of the left gluteus maximus of the rats, which were carefully detached from the muscle using surgical scissors. ADSCs were isolated from the inguinal fat pad. Both FDSCs and ADSCs were enzymatically isolated from their extracellular matrix using type I collagenase (3 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) and passed through a 70-mm cell strainer (Becton-Dickinson, Franklin Lakes, NJ, USA) to yield single-cell suspensions. The BMSCs were isolated from the bone of femora by centrifugation as described previously (19) . Isolated FDSCs, ADSCs and BMSCs were cultured in a growth medium [α-MEM (Invitrogen Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen Life Technologies)] and seeded at a density of 2x10 5 /cm 2 at 37˚C in 95% humidified air and 5% CO 2 . On day 7, all non-adherent cells were removed followed by a medium change twice a week. The monolayer of adherent cells was trypsinized by 0.25% trypsin-EDTA when it reached half-confluence and reseeded at a density of 1x10 4 /cm 2 [passage 1 (P1)]. Passage 2 (P2) culture was used for all characterization and in vitro assays.
Colony formation unit assay, cell proliferation and viability assay. The colony-forming unit (CFU) assay is used to quantify functional stem cells. Briefly, 500 FDSCs, ADSCs and BMSCs at P2 were seeded in 100-mm sterile petri dishes and cultured for 14 days. The colonies formed were stained with 1% crystal violet (Sigma-Aldrich) in methanol for 30 min. For the cell proliferation assay, FDSCs, ADSCs and BMSCs at P2 were seeded in a 96-well plate at a density of 5,000 cells/well and incubated at 37˚C, 5% CO 2 . At day 2, cell proliferation was assessed using a 5-bromo-2-deoxyuridine (BrdU) assay kit (Roche Applied Science, Penzberg, Germany) according to the manufacturer's instructions. The absorbance was measured at an optical density (OD) of 450 nm, using a µQuant™ Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). The relative cell viability in metabolically active cells was also determined by measuring the reduction of MTT dye (Sigma, St. Louis, MO, USA) to blue formazan crystals at an OD of 540 nm, following a 3 h incubation at 37˚C.
Immunophenotypic profile. The immunophenotypic identities of the FDSCs, ADSCs and BMSCs were characterized by flow cytometry using the CANTO ll flow cytometer with the FACs Diva software (BD Biosciences, San Diego, CA, USA). All of the antibodies were obtained from AbD Serotec (Raleigh, NC, USA) and used at 1:100 dilutions. The antibodies used were against cell surface antigens, CD44 (cat. no.: MCA643F), CD71 (cat. no.: MCA155PE), CD90 (cat. no.: MCA47PE), CD106 (positive; cat. no.: MCA4633F), and hematopoietic markers CD11b (cat. no.: MCA275FT) and CD45 (negative; cat. no.: MCA43FT).
Stem cell marker analysis. The expression of pluripotency and self-renewal stem cell markers octamer-binding transcription factor 4 (Oct4), sex determining region Y (SRY)-box (Sox)2 and Krüppel-like factor 4 (Klf4) in FDSCs, ADSCs and BMSCs at P2 were compared using quantitative polymerase chain reaction (qPCR). The amount of mRNA was determined using the Quanti-Fast SYBR Green RT-PCR kit (Qiagen, Hilden, Germany) with a validated primer set specific for the target genes from Qiagen (as listed in Table I ) in the CFX96 Real-Time PCR Detection system (Bio-Rad, Hercules, CA, USA). The relative expression of the qPCR product was calculated using the comparative 2 -ΔΔCt method. The endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used for normalization.
Assessment of differentiation potential. For the differentiation studies, FDSCs, ADSCs and BMSCs at P2 were seeded in six-well plates at a density of 3x10 5 cells/well. Following three days, the growth medium was replaced with osteogenic medium (growth medium supplemented with 100 nM dexamethasone, 50 µg/ml ascorbate-2-phosphate and 10 mM β-glycerol phosphate), or adipogenic medium (growth Table I . Primer sequences for self-renewal stem cell markers and differentiation markers.
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Description Primer sequence (5'→3') Accession No.
F, forward; R, reverse; SRY, sex-determining region Y. medium supplemented with 1 µM dexamethasone, 50 µg/ml insulin, 0.5 mM methyl-isobutylxanthine and 100 µM indomethacin) with the medium changed twice a week for 14 days. The chondrogenetic potential of FDSCs was induced by the StemPro ® Chondrogenesis Differentiation kit (Invitrogen Life Technologies), according to the manufacturer's instructions. Briefly, 1.6x10 7 cells were used to generate a micromass culture for 28 days. The differentiated cells were visualized using alizarin red S, oil red O and alcian blue staining for successful osteogenesis, adipogenesis and chondrogenesis, respectively. To compare the osteogenic, adipogenic and chondrogenic potential of the FDSCs with ADSCs and BMSCs, the mRNA expression of the marker genes was measured at day 7 (for ostegenesis and adipogenesis) and day 14 (for chondrogenesis). The amount of mRNA was determined using the Quanti-Fast SYBR Green RT-PCR kit (Qiagen) with a validated primer set specific for the target genes from Qiagen (as listed in Table I ) in the CFX96 Real-Time PCR Detection System (Bio-Rad, United States). The relative expression of the qPCR product was calculated using the comparative 2 -ΔΔCt method. The endogenous control GAPDH mRNA was used for normalization.
Statistical analysis.
The differences between groups were tested by one-way analysis of variance, followed by a post-hoc Dunn's test. All statistical analyses were performed with SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference between values. Values are expressed as the mean ± standard derivation.
Results
Cell morphology. FDSCs from the fascia of the left gluteus maximus of the rats were isolated (n=3) and the cells were well attached on culture vessels until confluent. Similar fibroblast-like cell morphology was observed when compared with those for BMSCs and ADSCs under similar growth conditions (Fig. 1) . The cells were reseeded and expanded to a number of passages (n>5) without slowing proliferation, which proceeded with a doubling time of ~14-21 days.
Comparison of cell proliferation. The CFU assay identified that the size of the colonies from FDSCs was generally bigger than that of BMSCs and similar to that of ADSCs ( Fig. 2A ). An increased number of colonies were observed for the FDSCs compared with the other two cell types. In addition, FDSCs exhibited significantly higher proliferation potential than BMSCs under different serum concentrations, as indicated by the BrdU and MTT assays (Fig. 2B and C) . However, in the 10% FBS medium, both ADSCs and FDSCs exhibited similar proliferation patterns. In the lower serum-containing growth medium (Table II) . FDSCs demonstrated an identical immunophenotypic profile to that of ADSCs, which was similar to that of BMSCs except for no of expression of CD106.
Comparison of stem cell marker expression. Stem cell marker expression was assessed by qPCR. Both FDSCs and ADSCs exhibited significantly higher expression of Sox2 and Oct4 than BMSCs by 5-to 13-fold (P<0.001; Fig. 3 ). The expression of Sox2 in FDSCs was evidently lower than that in ADSCs (P<0.001). However, a lower expression of Klf4 in ADSCs (P<0.05) and FDSCs as compared with that in BMSCs was observed.
Comparison of differentiation potential. All three cell populations demonstrated the ability of in vitro differentiation (Fig. 4) Comparison of gene expression. The expression levels of osteogenic markers runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), osteopontin (OPN) and osteonectin (ON) in both ADSCs and FDSCs (all P<0.001) were found to be notably lower than those in the BMSCs (Fig. 5A) . The expression pattern of these genes in FDSCs was similar to that of ADSCs. Among the three cell populations, ADSCs exhibited the significantly highest expression of the adipogenic markers CCAAT/enhancer binding protein α (C/EBPα), peroxisome proliferator-activated receptor γ (PPARγ), AP2 and adipsin, particularly on AP2 expression which was 25-fold higher (all P<0.001; Fig. 5B ). Meanwhile, increased expression of adipocyte fatty acid binding protein (AP2) and adipsin only were observed in FDSCs (P<0.001). Markedly higher expression (~80-fold to that in the BMSCs) of chondrogenic markers collagen, type I, α 2 (Col1a2), together with collagen, type II, α 1 (Col2a1; >5-fold), were also observed in the FDSCs (P<0.001; Fig. 5C ). High expression of these genes was observed in ADSCs, but their expression was approximately half of that of the FDSCs (P<0.001). The expression of the other chondrogenic markers Sox9 (P<0.001) and aggrecan (AGG) (P<0.05) was similar in the ADSCs and FDSCs and their expression was marginally higher than that in the BMSCs.
Discussion
The fascia first received attention as an important structure in the 1930s, but few studies were performed investigating its significance for several decades (20) . With technological advancements, however, including imaging and anatomical technologies, the fascia structure has been attracting increasing attention. A growing number of studies and evidence have demonstrated that multipotent stem cells should be resided in the fascia (21) . Skeletal muscle perimysium, a sheath of connective tissue that segregates skeletal muscle fascicles and fibers, has a similar histology, structure and function to fascia, but is different in the scale of muscle structure. It was further hypothesized that non-myogenic cells within skeletal muscle, likely associated with endomysium and perimysium, may possess chondrogenic potential. However, there is no known physical method to isolate these tissues from skeletal muscle, considering its super-structural complexity. Therefore, the presence of chondrogenic cells in the skeletal muscle of a Fischer 344 rat gluteus maximus muscle was also investigated by isolating a heterogeneous population of muscle-derived cells, which were then examined for the presence of cells with chondrogenic potential (18) . The present study successfully isolated cells from the superficial fascia of the limbs of adult rats. To the best of our knowledge, the present study was the first to isolate and characterize rat FDSCs in vitro. These fascia-derived cells had universal MSC characteristics, including clonogenicity, high proliferative potential at reduced serum conditions, MSC marker expression and multidifferentiation potential, including osteogenesis, adipogenesis and chondrogenesis.
The present study compared the immunophenotypic profiles of FDSCs, ADSCs and BMSCs, and found a similar expression pattern of CD44, CD71 and CD90, as well as a difference in the expression of CD106. The BMSCs expressed CD106, which was not detected in ADSCs and FDSCs. The presence of CD106 is controversial in ADSCs. Schäffler and Büchler (22) defined the surface marker set for ADSCs, which included CD106. However, De Ugarte et al (23) and Zuk et al (24) found that CD106 was absent in ADSCs. The present study also demonstrated that there was minimal contamination with hematopoietic and endothelial cells in the culturing system, as evidenced by the weak expression of CD34, CD45 and CD31 in the cultured cells. FDSC propagation (P2) demonstrated the high purity of the cells exhibiting markers similar to BMSCs and ADSCs and negativity for hematopoietic markers suggested that they possibly attained stem cell phenotype characteristics.
The proliferation capacity of stem cells is important with regard to their application in cell therapy. A number of previous studies have indicated that stem cells from different sources exhibited differences in proliferation and differentiation potential, implying that selecting the appropriate cell source for musculoskeletal tissue engineering is significant (25) . In the present study, the proliferation capacity of FDSCs was compared with that of ADSCs and BMSCs in media containing 0.5 and 10% of FBS, using the BrdU and MTT assays. In medium containing 10% FBS, it was identified that the FDSCs had a similar proliferative response to that of the ADSCs, but with a higher proliferation capacity than the BMSCs. This observation was consistent with previous studies demonstrating that ADSCs exhibited a higher proliferation capacity than BMSCs (26, 27) . Proliferation studies were also performed, using 0.5% FBS medium. Of note, it was identified that FDSCs exhibited a higher proliferation than both the BMSCs and ADSCs. This may imply that the nutrient supply in the microenvironment may alter the stem cells' proliferation capacity. Potier et al (28) reported that serum starvation and deprivation of growth factors may promote premature aging in MSCs and studies of MSCs in a hypoxic environment, indicating that serum starvation may be associated with marked cell death. By contrast, the present study substantiated that FDSCs function effectively under conditions of serum deprivation. Further investigation is required to determine whether FDSCs exhibit and maintain a hypoxic environment within the appropriate peripheral musculoskeletal tissues with poor vasculature in vivo, to determine its possible clinical applications.
The FDSCs isolated in the present study expressed a number of key embryonic self-renewal stem cell marker genes, including Oct4, Sox2 and Klf-4. It has been demonstrated that Oct4 transcription factors are critical for stem cell fate selection, in addition to their roles in maintaining the pluripotency and self-renewal capacity in mesenchymal stem cells (29) . Oct4 has often been used as a marker of stemness, as differentiated cells demonstrated reduced expression of this marker. Several studies have suggested that Oct4 is essential in sustaining self-renewal capacity of adult somatic stem cells (30, 31) . In addition, Oct4 binds to DNA cooperatively with Sox2 at non-palindromic sequences to activate transcription of key pluripotency factors. It has been demonstrated that differentiation signals modulate the expression of Oct4 and Sox2, such that the induction of Oct4 suppressed neural ectodermal differentiation and promoted mesendodermal differentiation, whereas induction of Sox2 inhibited mesendodermal differentiation and promoted neural ectodermal differentiation (32) . Klf-4 DNA-binding protein has been recently found to be important in regulating MSC transcriptional activity and controlling cell fate (33) . In the present study, the FDSCs and ADSCs demonstrated high levels of expression of Oct4 and Sox2 as compared with that in BMSCs. The higher expression of Oct4 in FDSCs as compared with that in BMSCs and the comparatively lower expression of Sox2 in FDSCs than that in ADSCs, as observed in the present study, may favor mesendodermal lineage choice of FDSCs when compared with both cell types.
In the present study, it was confirmed that FDSCs, ADSCs and BMSCs have the potential to differentiate into osteogenic, adipogenic and chondrogenic lineages. However, BMSCs have greater osteogenesis potential, while ADSC have a greater adipogenic potential and FDSCs have a greater chondrogenic potential, as evidenced by the increment of expression of their corresponding differentiation markers when compared with those of the other two stem cell populations. In previous years, stem cells have generated increasing interest considering their potential therapeutic use. Previous studies have provided clear evidence that multipotent adult stem cells exist in numerous organs and tissues, including bone marrow, muscle, fat, periosteum and synovial membrane from both rodents and humans (9, 10, 15) . A number of studies have suggested that different stem cells may share common properties for single targeted stem cell therapy (34) . For instance, previous studies have suggested that equal or comparable osteogenic capacity were found between ADSCs and BMSCs (24, 35) . Therefore, ADSCs are attractive for musculoskeletal tissue engineering, since adipose tissue possesses abundant and easily accessible MSCs. However, the present study, in parallel with certain recent data (36, 37) , suggested that the differentiation potential of the stem cells from different origin may not be identical. Stem cells from different sources may represent distinct cell populations that are at different lineage-specific commitment with distinct biological properties (38) . Such differences in differentiation potential may be due to the inherent differences between FDSCs, ADSCs and BMSCs. Therefore, selecting an improved stem cell source for therapeutic use and tissue engineering is required.
In conclusion, a population of stem cells was isolated from the fascia tissue of rats, which exhibited universal stem cell characteristics, including clonogenicity, proliferative capacity, multipotent potential and MSC and ESC marker expression. In addition, these FDSCs were more chondrogenic when compared with ADSCs and BMSCs. The feasibility of isolating stem cells from rat fascia tissues may provide new opportunities for investigating FDSCs for tissue engineering and improving the understanding of the role and mobility of FDSCs in musculoskeletal tissue healing. Additional comparative and functional in vitro and in vivo studies are required to verify these findings to finally provide a better understanding of the biological differences of MSCs from different sources and to identify the most suitable MSCs for treatment of specific diseases. Furthermore, the discovery of FDSCs provided a possible functional role of the fascia structure, namely that of an active support-storage system to their surrounding internal organs.
